Relationship of the units

e Basic unit, latch and F/F (unit 11)

e Simple sequential circuits (unit 12)
— Regqisters
— Counters

e Complex sequential circuits : FSM (finite state machine)
— Simple one: analysis, Mealy & Moore (unit 13)

— Complex one:
= Derive state graph and tables (unit 14)
= Reduce state graph and tables (unit 15)
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Registers and Counters
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Outline @{ﬁ
® Registers
— Operation
— Application to shift registers
e Counters

— How to build and how it works
— Counter application and how to derive the F/F’s input equations
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Registers and Register Transfer (1/3) A
Registers: a group of F/Fs with a common clock input, used to store and
shift binary data Data out

|
0>1 0>1 00 0->1
Q3 Qz Ql QO
Clr Clr Clr ——Q ClIr
A D3 l_o A D2 l_c A D1 A Do
CirN J 7 ] 7 T
Load —D_i l
Clke = 1 1 0 1
Dat;in
(a) Using gated clock
Data out
]
0>1 0>1 00 0>1
| | | |
Qs Q, Q: Qo
—JClr —Q Clr —J Clr —Q CIr
CE /\ D3 CE /\ D2 CE A D1 CE A DO
Load ‘ Y ‘ 4 ‘ 4 |
CIrN —@ ® ®
Clk ® ® ®
1 1 0 1,
Data in
(b) With clock enable
Unit 12 4



Registers and Register Transfer (2/3)

g Yoy
t L%
57 4D

—

\

Al
Register I
A FF
En @
D1
w1~
Register A = é; FF FE
flip-flops Al and A2
— CE
Register B = ¢ _ ’J
flip-flops B1 and B2 B1
Register Q = Register | D2
flip-flops Q1 and Q2 B FF T
&> FF
B2 H/ ® CE
FF
Clk
B Load

Unit 12

Q1

Q2

Data transfer between registers, equiv. to 2:1 MUX

| Register

Q
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Registers and Register Transfer (3/3) %ﬁf

Register Register
G H
CE /A CE /A
LdG — L Clock  LdH—1 [ Clock
N\ 8 \ 8
] N N
Bus —~£
\\8 N8 38 38
Ena | Register ENnB Register enc | Register | - 5| Register
—Q A B — C —O D
00 01 10 11
(L O (l
E____ |
Decoder
F

Data transfer using a tri-state bus
Unit 12 6
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Parallel Adder with Accumulator S
Xn Xi X2 X1
I — I — I — I
Q Q Q Q Q Q Q Q
. Accumulator
—Q S —O ~ Register
CE D CE D CE D CE D
| . l l Ad
® ® ® CLK
® ® ® CIrN
Sn 3 Xn . AR 5 AR o Ixa
—  Full ] Full J ] Full J — Full
Cn+1 Adder < o Adder [~ ¢ ' T c3 Adder [T C2 Adder C1=0

! ! ! !

Xi
—
Q
Y[n:1]
CK
X[n:1] CE A D
J Ad—— NN |
N4 Ld —
Registers Parallel Adder e /1_ 0 \
A Si
Ci+1 <« FA [« Ci
S[n:1]
Equiv. diagram v
Yi

Unit 12 Equiv. diagram Adder with MUX to load initial value -



Shift Registers (1/6) é%f

Shift Registers: a group of F/Fs in which a binary number
can be stored. This number can be shifted left or right
when a shift signal is applied

Serial in D, Q, D, Q, D, Q, D, Q0§—>Serial out
() > > > > (50)
CE CE CE CE
Clock E hi E |7
Shift . .
(a) Flip-flop connections
Clock
SI 2 N
T e — | —
: N L |
R — 5 A
Q | N i i
: s ' :
Qo , , \ ;

Unit 12 (b) Timing diagram 3



Shift Registers (2/6) é%f

Serial In, serial out

8-bit Serial-In, Serial-Out
Shift Register

SI — — SO

(Serial in) /\ (Serial out)
Clclck
(a) Block diagram
Sl Q; Qo
Sergin)_ s ol s ol—s ol—{s ols ol—s o—{s ols ol—so
Serial
> I_> |_> |_> |_> |_> |_> _> (Serial out)
R QH4R QR Q+HR QR Q+HR Q+HR QHR Q’
== l

|

Unit 12 9

(b) Logic diagram
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Shift Registers (3/6) oo
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Clock
I I I I I I
I I I I I I
I I I I I [
I I I I I I
st| . ; I R
| | L | |
| : R
| <— 7 clock periods —> |
| [ I I | |
| |
«—— 7 clock periods ——>
0| | |

Unit 12

Take (n-1) cycles to output for n-bit shift registers
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Shift Registers (4/6)

Parallel in, parallel out

shift registers

SI (Serial In) ——
Sh (Shift Enable) ———
L (Load Enable) ———

Clock ————

Parallel Output

Q5 Q Qi Q
P11

4-bit Parallel-In,
Parallel-Out

> Shift Register

» SO (Serial Out)

TD3 E)Z [Il DTO Used for parallel to serial
Parallel Input conversion
(a) Block diagram
Q3 Qz Ql QO
l l l l
l— 00 00 |_ 00 I_ 00
01 |l 01 01 01
Sl —r1 0 P Q 110 b Q 10 b Q 0 b Q
11 11 1 1
5 T —> 5 T > 5 T —> 5 >
Shift gy~ | 2 | | 0
Load L
CLK
Unit 12 (b) Implementation using flip-flops and MUXes 11



Shift Registers (5/6)

Oy O ] o

O ] Ol dd

4 N

o

=

-1 = 3e] S = )

gl 21T ol ol ol <

o ©
O = & nw
<

LSy
™
o

Used for parallel to serial conversion

e.g., convert parallel 1011 to serial 1101

12
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Shift Registers (6/6) L

D; Qs

> Q'

CLK—l_

D, Q,

P> Q'

:

D; Q

> Q'

-

(a) Flip-flop connections

(g
00y 19 ()
@ ) (o,
g

(b) State graph

Counter: circuit that cycles through a fixed sequence of states
Johnson counter: shift register with inverted feedback

Unit 12
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Design of a Binary Counter (1/11) S

With T F/F

c C B B A A

Tc Tg Ta

CBA:000—~001~010—-011~-100 ~»101 »110~>111

Synchronous counter triggered by a clock

Unit 12 14
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Design of a Binary Counter (2/11) L

CBA:000—~001~010—-011~-100~>101 »110~>111

State graph

Unit 12 15



Design of a Binary Counter (3/11) ST

A changes (counts) as long as T-F/F(A) triggered
B changes (counts) as long as A=1 & T-F/F(B) triggered

C changes (counts) as long as A=B=1 & T-F/F(C) triggered

C’ C B’ B A’

JAN Tc JAN Ts JAN Ta

1

. . Clock

Unit 12 16



Design of a Binary Counter (4/11) $LY

Q Q" | T

Systematic method: state table S

Present state Next state  F/F inputs i (1) (1)

C B AC" B A+ETC Tg T, Tips: T=11fFQ #Q*

olfoj of|/o] [0] 1 0[]0l 1

ollo| 1/lo| [1] o o] |1] 1

olf1] ol 0| [1]| 1 !o| o] 1

0[1] 1| 1| [0 01| 2] 1

10| 0|1 |0] 110/ |0] 1

10| 11(/1] |1] O i 0| 1| 1

11|01 [2] 110 |0] 1

11| 1|0l lo] o!l1]]1] 1

Unit 12
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Clock

&ﬁ@w ~ |.,An
&%@%m 1f||JOOﬁ”DA I
| OIHLOOEI DATAD
O /" &5 A « O
AOOll .
28] <
N AQ
S| “e@lelhl, ©
0| olelde|d)” o |t e
| /o d 4 o __B,
Q MOOll D n <
o
- 5 <
S EEeEl, o [— |
S| clele@ea® @ <
C ~
>9/sg=a2 § ks
aB @)
= O
o O © 4 © 4 © +4 O
.m o 4 4 o o 4 d o
@)
— o o o d d d4 «4 o
w |+A1_01_01_01_0
Q
%F Hllm|© < 4 © © 4 + O
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— .5.AO1_01_01_01_
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Unit 12
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Design of a Binary Counter (6/11) L
Up-down counter U=1 D=1
State graph C B A|C” B" A"iC" B" A
0 00/l0 0 1!1 1 1
00 1/0 1 0!0 0 0
0 1 0/{0 1 1!0 0 1
0 1 1|1 0 010 1 0
1001 0 110 1 1
1 0 1|1 1 O i 1 0 O
1 1 0[1 1 1'1 0 1
1 1 1/0 0 0!1 1 0
(U, D) = (1,0) Up D, =A®(U+D)
= 0.0 intat Dg=B @© (UA+DA’)
= (1, 1) not allowed D-=C © (UBA+DB’A’)

Unit 12 19
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Design of a Binary Counter (7/11) S

e U=1and D =0 (up counter)

DA=A*=A
Dg =B*=BA +B'’A=B®A
D.=C*=C’BA+CB’+CA = C’BA+ C(BA)' = CBBA

e U=0and D =1 (down counter)

D,=A*=A®1=A" (Achanges state every clock cycle)
D; =B"=B®A (B changes state when A =0)
D.=C"=CBB’A (C changes state when B = A =0)

Unit 12 20



Unit 12
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Design of a Binary Counter (8/11) LEH
B’ A A
T T
Clock Clock
D U

21
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Design of a Binary Counter (9/11) %ﬁ%ﬁ

Loadable Counter with Count Enable

e Two control signals Ld (load) and Ct (count) and an
asynchronous clear CIrN
— Ld=1, Ct=0 binary data is loaded into counter
— Ld=0, Ct=1 the counter is incremented
— Ld=0, Ct=0 the counter holds its present state

— Ld=1, Ct=1 load overrides count, data is loaded
into the counter

— CIrN=0, clears the counter
—State changes on the rising clock edge

Unit 12 22



Design of a Binary Counter (10/11)

13 C'rN Ld Ct|C* B A
Ct— 0 x x| 0 0 0
Q —CIrN
Ld— D 1 1 X DC DB DA (Ioad)
/|\ ]lg 1 0O 0| C B A (nochange)
Clk 1 O 1 | Presentstate +1

() (b)
e Next-state Equations
A*=D,=|(Ld’-A+Ld-D,;,)®dLd’-Ct
B* = Dg =|(Ld’-B+Ld-Dg;, ) Ld"-Ct-A

C*=D.=|(Ld’-C+Ld-Dg;,)DLd’-Ct-B-A
Mux

Unit 12



Design of a Binary Counter (11/11) 3¢

¢ |mplementation using F/Fs, MUXes, and gates

| I
CIrN C C CIrN B B CIrN A A
—0 —0 —Q
/|\ DC /|\ DB /|\ DA
Clk Clk Clk
N O alE
Ci Bi Ai
| Ld n Ld In Ld in
Ld—]>0
Ct

Unit 12 24



Counters for Other Sequences (1/9)

e Example: Design a counter which counts in the sequence :

000,100,111,010,011 using T F/Fs and gate

AN

Unit 12

C B A|C" B" A"
0O 0 0j1 O O
o 0 1| - - -
o 1 0;j]0 1 1
0 1 1,0 O O
1 0 01 1 1
1 0 1| - - -
1 1 0 - - -
1 1 1,0 1 O

25



Counters for Other Sequences (2/9)

e Sol : The T F/F application table:

0 O |T C B A|C" B* A" |T. T,
O 0 0(f1 O O |1 O
0O 0|0 00 11 - - _ |- _
0O 1 |1 0 1 0/{0 1 1|0 0
1 0 1 O 1 1|0 0 O |0 1
1 0 0] 1 1 1 10 1
1 1 |0 10 11 - - _|_ _
T=Q0"®0Q 1 1 0 - - -— |- -
1 1 1] 0 1 0|1 O

Unit 12
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Counters for Other Sequences (3/9) §$§

C=0half C=1half
BACél/ 3AN 0 1 N
001110 0010 (1 N 0010 [[1)|< A=0hal
071 [Ix)| x O]__x X ) 01 ] x x| .
11101 1111){0 11011
10[0]x wlolx| " 10fa]x)-

Te T, T,
T.=CB’+CB Tz=C A+ CPB’ T,=C+B

Unit 12

Derivation of T inputs
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Counters for Other Sequences (4/9)

_ I
I 1
I 1
I LL I I
| LL 1 “
I I
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L < O<P “ m
“ ! _
| 1 1
F———=—=—====——=== === === =- r--—-———-—-9
I
“ | < _
1 R 1 1
| - |
R L
|~ 1L _
i+ 2T
¢ |ﬁb|+ ““ I
r==1m <o Lo
" e
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S -
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Counters for Other Sequences (5/9)

29
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Counters for Other Sequences (6/9) gﬁﬁ

e Summary

— When the power in a circuit is first turned on, the
initial states of the Flip-Flops may be unpredictable.
All of the don’t care states in a counter should be
checked to make sure that they eventually lead into
the main counting sequence

— Don’t care states : 001, 110, 101
= 001: T.=C’B’+CB=0"0'+0-0=1,
Ty=C’A+CB’=0"-1+0-0'=1,
T,=C+B=0+0=0. 001=>111
= 110: (T-TgT,)=(101) 110=>011
= 101: (T-TgT,)=(011) 101=>110 =>011

Unit 12 30
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Counters for Other Sequences (7/9) G

Must enter the
main counting loop

T

of

Unit 12 31
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Counters for Other Sequences (8/9) %ﬁ@
e Example: Design the same sequence counter using D F/Fs
C B AlcC B A|D. D, D,] |Q QD
000[1 0 0|1 0 O 0 010
00 1|l- - —]X X X 0 1|1
o1 00 1 1|0 1 1 1 0|0
01 10 0 0|0 O O 1 1|1
1 0 01 1 1 1 1 1 D F/F excitation table
1 01— - —|X X X| o
1 1 0| - — —|X X X| De=C+=B";
D,=B+=C+BA’;
1 1 1{0 1 O0]0 1 O

Unit 12

D, =A+=CA’+BA’
=A’(C+B)

32



Counters for Other Sequences (9/9)

Q+=D
D.=C+=B’ ;
Do=B+=C+BA’ ;

D,=A+=CA’+BA’=A’(C+B)

C’ C

Clock

B’ B
| |
FF
A
(@)
C
B A

A’ A
| |
FF
N D
(@)
N
C

>

Unit 12
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Counters Design Using S-R F/Fs (1/3)

e Example: Design the same sequence counter using S-R F/Fs and gate

Unit 12

C B A|C"™ B"™ A"
O 0 O 1 0 0
0O 0 1 — — —
0O 1 O 0 1 1
0O 1 1 0 0 0
1 0 O 1 1 1
1 0 1 — — —
1 1 O — — —
1 1 1 0 1 0

Q Q" |S R
0 0 0 x
0 1 1 O
1 0 0 1
1 1 x 0

34



Counters Design Using S-R F/Fs (2/3)

X | X O] 4] O
n O «—d O] X
I_I
QOlOl
O ol o H -
AFlXx X o 4 o x x <
Aol X 4 o 4 x x O
(%2
2
mRBxxO_l_OxxO
.
MSBOXX_O_lxxx
o
S
wD%OfxxxOxxl
o
SclfxOOxxxO
+
o — O o
o < | |
S
C Hlol 1 Aol = 11 o
S
< .
Ol I oo 4 1 I ©
D
2 C|lo 4 O 4 O 4 o -
w
E Mo o d d o o 4 +
%
F Oloo o o d d d «
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Counters Design Using S-R F/Fs (3/3) %ﬁf

C

C C
BA BA BA
11X X 1]
x| [x]x xIx] [x]x]
X1 1 X]|
XX X X X [ X
RC SC RB SB
Rc=A Sc= Rg=CA 5;=C
(a) S-R flip-flop equations
C C B’ B
I | | |
Q" Q Q Q
R A S R A S
I I I
A B C
AC
CLK o L

Unit 12

(b) Logic circuit

X 1
x[x] [x]x
111
X 1|£
Ry=A Sp,=CA’+ BA
=A’(C +B)
B

36



Counters Design Using J-K F/Fs (1/2)

e Example: Design the same sequence counter using J-K F/Fs

Unit 12

and gate
C B A|C" B" A 10| K |3 |Ky|d,|K,
0 0 0|1 0O 0,1 ]|x|0]x1]0] x
001———i><><><><><><
01 0/0 1 1!10|x|x|0]1]x
OllOOOiOxxlxl
1001 1 1ix|0[1]x|1]|x
1 0 1| - - — x| x|x|x/|x] x
110———i><><>< X | %
1 1 1|0 1 0!x|1]x < (1

37
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Q Q' |J K
0 0|0 x
0 1 |1 x
1 0 |x 1
1 1 |x O



Counters Design Using J-K F/Fs (2/2)

C C C
BA BA BA
1x) [x 1] [x]x 1]
XX X [X] XX X[X X[ X
X X1 XX 1 XX
X XX X[ X X 11X
‘JC KC ‘JB KB ‘JA
Jo=PB Kc=A Jy=C Kg=CA J,=C+B
(a) J-K flip-flop input equations
C’ C B’ B A’ A
I | | I | I
FF FF FF
Ke CAK Je Kg CAK Jp Ka (;\K Ja
| [®J | [®) | | [®)
A B’ C 1
CA C B
Clock ° l

g Ty
t L%

25 i

X[ XX
X || XX

Unit 12

(b) Logic circuit (omitting the feedback lines)
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Flip-Flop Application Tables (1/5) -*;;%@

Desizn

e Characteristic equations
_ S-RF/F: Q*=S+R’Q (SR=0)
~ DFIF :Q*=D
— J-KF/F : Q*=JQ’+K’Q
— TF/IF : Q*=TQ+T'Q

e Derivation of F/F Application Tables
Example: For S-R F/F,
Q=0, Q+=0, 0=S+R’0, ==> S=0, R=don’t care (SR=00, SR=01)
Q=0, Q+=1, 1=S+R’0, ==> S=1, R=0 (S'R=0)
Q=1, Q+=0, 0=S+R’1, ==> S=0, R=1
Q=1, Q+=1, 1=S+R’1, ==> S=don’t care, R=0 (SR=10, SR=00)

Unit 12 39



Flip-Flop Application Tables (2/5)

— D Flip-Flop
D Q |Q° Q Q' |D
0O O 0 0O 0 |0
0O 1| 0 Q*=D 0 1 |1
1 0 1 1 0 0
1 1 1 1 1 1
— T Flip-Flop
T Q|Q° R
0O O 0 Q9 |7
0 0 0
0 1|1 |[Q@=TQ+TQ=T®Q| 4 4 |,
1 O 1 1 0 |1
1 1 0 1 1 |0

Unit 12




Flip-Flop Application Tables (3/5)

Unit 12

— S-R Flip-Flop
(@)

S R Q|Q" Q
O 0 O 0

0
O 0 1 1
O 1 O 0 0
0O 1 1 0 1
1 0 O 1

1
1 0 1 1
1 1 0 — ) inputs

]»not

1 1 1 — J allowed

o O r O r O -0

by
e

(€)
Q Q"|S R
0 0 |0 x
0O 1|1 O
1 00 1
1 1 (x O

41



Flip-Flop Application Tables (4/5)

— J-K Flip-Flop

(b)

(a)

K Q|Q"

(c)

J K

X X «—« O

J K

O 1 X X

O «—+ O

Q Q

O O «d

O «+1 O 1 «1 1 O O

©S 9o oo Ao o
Y

Q Q

J

42
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Flip-Flop Application Tables (5/5)

Unit 12

QIR"|S|R QIR"|J K QQ"|D
0[O0 |0]- 0|/0]0]- 0010
0(1(1|0 0|1 ]1]- 0|11
110(0]1 110 -1 1100
1| 1]-]0 1|1 |-]0 11111

S-R F/F J-K FIF D F/F

Q+

RlR,r|Oo|o |0

R 1 Ok O

Ol |, |O|—

TFIF
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